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Summary Transcellular Ca2+ transport in the distal nephron involves passive Ca2+ influx at the apical membrane, 
diffusion through the cytosol and active extrusion across the opposing basolateral membrane. The molecular identity of 
the apical Ca2+ entry step is still elusive, but its regulatory aspects have been analyzed in the present study. To this end, 
rabbit connecting and cortical collecting tubular cells were cultured on permeable and transparent supports and the 
apical Ca2+ influx was deduced from Mn2+ quenching of Ca2+ independent Fura-2 fluorescence, while the intracellular 
Ca2+ concentration ([Ca2+],) was measured simultaneously. In parallel experiments, transcellular Ca2+ transport was 
determined isotopically as 45Ca2+ flux from the apical to basolateral compartment. Decreasing the apical pH from 7.4 to 
5.9 inhibited transcellular Ca2+ transport by 53 ± 1%, whereas apical Ca2+ influx was reduced by 39 ± 7% and [Ca2+], 
decreased by 18 ± 3%. Reversal of the Na+/Ca2+ exchanger by iso-osmotic replacement of Na+ by N-methyl-D- 
glucamine in the basolateral compartment resulted in 50 ± 5% inhibition of Ca2* transport, 46 ± 3% reduction of apical 
Ca2+ influx and 60 ± 3% increase in [Ca2+]r In the absence of basolateral Ca2+, however, this manoeuvre decreased 
[Ca2*], by 21 ± 8%, while Ca2+ transport and apical Ca2+ influx were reduced by the same magnitude as in the presence 
of Ca2+, that is by 53 ± 6% and 45 ± 4%, respectively. Stimulation of adenylyl cyclase with forskolin (10-5 M) increased 
transcellular Ca2+ transport by 108 ± 40%, stimulated apical Cas+ influx by 120 ± 17% and increased [Ca2+]i by 110 ± 
2%. In conclusion, the apical Ca2+ influx is regulated by apical pH, intracellular cAMP and basolateral Na+/Ca2+ 
exchanger activity, and is coupled in an 1:1 fashion to the rate of transepithelial Ca2+ transport.
INTRODUCTION
The fine tuning of Ca2+ excretion in the kidney takes place 
in the distal nephron, including the distal convoluted and
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connecting tubule, via a transcellular pathway [1]. In these 
segments, Caz+ reabsorption is generally envisaged as a 
three-step process consisting of apical Ca2+ entry down its 
electrochemical gradient, followed by cytosolic diffusion 
of Ca2+ bound to Ca2+ binding proteins and energy 
requiring extrusion across the basolateral membrane. Ca2+ 
efflux is mediated by a high affinity Ca2+-ATPase and a 
NaVCa2* exchanger, whereas the Ca2+ influx pathway 
remains elusive.
The locus of the rate-limiting step in this transcellular 
transport process has not been conclusively identified. 
Feher et al developed a mathem atical model to explain 
the role of calbindins in transcellular Ca2+ transport [2],
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In this model, calbindin enhances Ca2+ transport by 
stimulating the apical entry of this ion, increasing its rate 
of cytosolic diffusion and enhancing its efflux by feeding 
Ca2f to Ca2+-starved basolateral pumps. In this way, the 
cytosolic level of calbindin ultimately determines the rate 
of transcellular Ca2+ transport and represents the rate- 
limiting step in transcellular Ca2+ movement. In addition, 
Ca2+ influx across the apical membrane could be rate- 
limiting. In this way, Ca2+ entry controls the cytosolic Ca2+ 
activity ([Ca2+]i), the availability of Ca2+ to Ca2+ efflux 
systems, and the rate of transcellular Ca2+ transport. It is 
also feasible that basolateral Ca2+ pumps are controlled 
directly by hormones such as l,25[OH]2D3 or PTH. In this 
latter idea, a cytosolic signal is needed to direct apical Ca2+ 
entry since the two opposing membranes must operate in 
concert to preserve [Ca2+], within reasonable limits during 
substantial rates of transcellular Ca2+ transport [3],
The elucidation of the primary mechanism or signal 
responsible for the rapid control of the transcellular Ca2+ 
movement is greatly hampered by the unresolved identity 
of the mechanism mediating Ca2+ entry in the distal 
nephron. Ca2+ influx pathways in epithelial cells have only 
become subject of investigation recently, which is in 
contrast to our knowledge of voltage-operated Ca2+ 
channels in excitable tissues. From the available bio­
chemical, biophysical and molecular-biological inform­
ation it is likely that several distinct Ca2+ channels, which 
resemble the classified voltage-dependent Ca2* channels 
only in part, are present in the apical membrane of distal 
tubules of mouse, rat and rabbit [4]. However, hormonal 
regulation of their activity could only be demonstrated for 
a few.
The aim of the present study was to establish a cor­
relation between the influx of Ca2+ at the luminal 
membrane and the rate of transcellular Ca2+ transport in 
the distal nephron and to resolve a possible regulatory 
role of [Ca2+]i in co-ordinating apical Ca2+ entry and 
basolateral Ca2+ efflux. To this end, rabbit connecting 
tubule and cortical collecting duct cells were cultured to 
confluency on permeable supports. In previous studies, 
this primary culture has been shown to retain several 
characteristics of the original epithelium, including 
hormone-responsive transcellular Ca2+ reabsorption and 
l,25[OH]2D3-dependent calbindin-D28k levels [5- 
cultured cells provide, therefore, a suitable system for 
detailed analysis of the process of transcellular Ca2+ 
transport.
MATERIALS AND METHODS
Chemicals
Collagenase A and hyaluronidase were obtained from 
Boehringer (Mannheim, Germany). 45CaCl2 was purchased
from Du Pont (N. Billerica, MA, USA), Fura-2/AM and 
Pluronic FI 27 were from Molecular Probes (Eugene, OR, 
USA). All other chemicals and hormones were from 
Sigma (St Louis, MO, USA).
Solutions
NaCl-buffer consisted of (mM): 140 NaCl, 2 KC1, 1 
iyfflPO^ 1 KH2P 0 4, 1 MgCl2, 1 CaCl2, 5 glucose, 5 L- 
alanine, 10 N-2-hydroxyethylpiperazine-N/-2-ethane- 
sulfonic acid (HEPES)/tris(hydroxymethyl)aminomethane 
(Tris), pH 7.4 and 5 \xM indomethacin. Krebs-Henseleit 
buffer (KHB) contained (mM): 12S NaCl, 5 KCl, 1.2 MgS04,
1 CaCl2, 2 NaH2P 0 4, 10 glucose, 10 Na-acetate, 4 L-lactate,
1 L-alanine and 20 HEPES/Tris, pH 7.4. Na+-free buffer was 
obtained by iso-osmotic replacement of NaCl in NaCl-
s
buffer with N-methyl-D-glucamine-Cl. Ca2+-free buffer 
consisted of NaCl-buffer in which 1 mM CaCl2 was 
replaced with 0.05 mM EGTA.
Primary cultures of rabbit kidney cortical collecting 
. system cells
Rabbit kidney connecting tubule and cortical collecting 
duct cells, hereafter referred to as cortical collecting 
system cells, were isolated from New Zealand White 
rabbits (- 0.5 kg body weight) by immunodissection with 
monoclonal antibody R2G9 and set in primary culture on 
either transparent (fluorescence measurements) or non­
transparent (45Ca2+-flux studies), permeable filters 
(Costar, Cambridge, MA, USA), as previously described in 
detail [5]. The culture medium was a 1:1 (v/v) mixture of 
Dulbecco's modified Eagle's medium (DMEM) and F-12 
medium (Gibco, Paisley, UK) supplemented with 5% (v/v) 
decomplemented fetal calf serum (Serva, Heidelberg, 
Germany), 50 (ig/ml gentamicin, 10 jil/ml of a lOOx 
mixture of non-essential amino acids (Gibco), 5 jug/ml 
insulin, 5 |ig/ml transferrin, 50 nM hydrocortisone, 70 
ng/ml prostaglandin Ei; 50 nM Na2Se03 and 5 pM 
triiodothyronine, equilibrated with 5% C 02-95°/o air at 
37°C. Confluence of the monolayer was routinely 
checked by determining the transepithelial potential 
difference and resistance with two sterile chop-stick-like 
electrodes connected to a Millicell-ERS meter (Millipore, 
Etten-Leur, The Netherlands). Cell monolayers reached 
confluency at day 3 and were used between 5 and 8 days 
after seeding.
Fluorescence measurements
Rabbit cortical collecting system cells, grown to 
confluency on permeable and transparent filters (0.4 jam 
pore size), were loaded with Fura-2 in DMEM/F-12 
medium containing 5 jaM Fura-2/AM, 0.02% (w/v)
*
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Pluronic FI 27 and 5% (v/v) decomplemented fetal calf 
serum for 60 min at 37°C. Subsequently, filters were 
washed 3 times with NaCl-buffer, m ounted in a 
thermostated (37°C) perfusion chamber and placed on 
the stage of an inverted microscope (Diaphot, Nikon, 
Tokyo, Japan). A gravity controlled superfusion system 
maintained apical and basolateral perfusion speeds of 1 
and 5 ml/min, respectively. Fluorescence measurements 
were performed with a long working distance objective 
(Fluor 6 Ox; NA =  0.7; Nikon). Dynamic video imaging was 
carried out w ith the MagiCal hardware and the TARDIS 
software provided by Joyce Loebl (Tyne & Wear, UK) as 
described previously [9]. Cells were excited inter­
mittently a t 340 and 380 nm and Fura-2 fluorescence 
emission was monitored at 492 nm. After correction for 
background, the 340 and 380 frames were ratioed. The 
interframe interval between the ratio frames was 6.4 s. 
On every filter, 8-16 single cells were monitored 
simultaneously and analyzed individually. [Ca2+]i was 
calculated according to the formula derived by 
Grynldewicz et al [10]: [Ca2+], =  Kd x Rbf x [(R -R „J/(R m!K -  
R)]. Kd is 224 nM and Rbf is the ratio of the 380 nm 
excitation fluorescence emission intensities measured in 
the absence and presence of 2 mM Ca2+ in the extra­
cellular m edium  after the addition of 5 \\M  ionomycin. In 
many experiments, ionomycin calibration was difficult to 
perform and, therefore, a representative calibration (R 
= 0.656, Rmax =2.913 and Rbf = 2.656) was used to convert
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Fig. 1 Mn2*-induced quenching of Fura-2 fluorescence as a measure 
of apical Ca2+ influx In rabbit cortical collecting system celis grown to 
confluency on transparent permeable supports. Monolayers, ioaded 
with the fluorescent Ca2+ indicator Fura-2, were superfused apically 
and basolaterally with NaCl medium at 37°C. The temporal dynamics 
of the fluorescence signals were analyzed simultaneously in 8-16 
individual cells by digital-imaging microscopy. The fluorescence 
emission intensities at 492 nm, after intermittent excitation at 340 
and 380 nm, were added as a measure for the Ca2+- in sensitive 
fluorescence (A) and corrected for photo bleaching, dye leakage 
(B) and variable loading of the individual cells (C). At the indicated 
point, 0.05 or 0.1 mM MnCI2 was added to the apical compartment. 
Subsequently, the Mna+-induced quenching rate was calculated by 
a linear fit of 5-15 points measured within 60 s (open symbols, D). 
In the Results, the calculated slope is presented as a positive value 
and taken as a measure for apical Ca2* influx. The recording shown 
is from a representative experiment
Mn2+ quenching measurements
Mn2+ is often used as a tracer for Ca2+ influx. This m ethod 
is based on two unique properties of the Mn2i ion. Firstly,
Mn2+ competes with Ca2+ for entry into cells via Ca2+ 
influx pathways such as Ca2+ channels [11]. Secondly loading levels of the  different cells (Fig. 1 line C). 
once inside the cell, Mn2+ binds to Fura-2 with a higher Fourthly, after addition of 0.05 or 0.1 mM Mn2* to the
apical compartment, the initial data points were fitted by 
linear regression and the slope was subsequently
the first 5 m in in order to take into account variable
influx under the différent experimental conditions (Fig. 1 
line D).
affinity th an  Ca2+ and quenches Fura- 2  fluorescence 
[12]. H ie M n2+-induced quenching rate was analyzed at 
the level of single cells as summarized in Figure 1. Firstly, presented as a positive value in arbitrary units per min 
the 340 and  380 nm fluorescence signals were added to  (AU/min) and taken as a measure for the rate of Ca2+ 
obtain a Ca2+-insensitive Fura-2 fluorescence signal (Fig.
1 line A), as previously described in detail [13,14], This 
method allows simultaneous measurement of Mn2+ 
quenching and [Ca2+]r Secondly, the decline in Ca2h- 
insensitive Fura-2 fluorescence in time due to photo 
bleaching and dye leakage was fitted to a single Cortical collecting system cells, cultured on permeable 
exponential curve using the data points of the first 5 min 
of the experiment. The calculated decay rate constant 
was used to  correct the original signal as described 
previously by Muallem et al [14] (Fig. 1 line B). Thirdly, 
the corrected Ca2+-insensitive Fura-2 fluorescence
45Ca2+-flux measurements
filters, were preincubated in NaCl-buffer for 15 min. The 
filters were subsequently washed 3 times with NaCl 
buffer and transferred to a gravity controlled perfusion 
chamber. In this chamber the basolateral compartment 
was perfused (1 ml/min, 37°C), whereas the  apical side 
values obtained during the entire experimental period was not perfused to minimize the am ount of radio- 
were normalized to the average value obtained during activity needed. After 5 m in of equilibration, the apical
© Pearson Professional Ltd 1997 Cell Calcium (1997)22(3), 157-166
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Fig. 2 Apical-to-basolateral 4SCa2+ flux across rabbit cortical collecting system cells grown to con fluency on permeable supports. Filters were 
placed in a gravity controlled and thermostated perfusion chamber and 0.5 ¡¿CÎ 45Ca2+ was added to the apical side. Apical pH was either 5.9 (A) 
or 7.4 (B-D), for the indicated period of time. The basolateral sicfe was continuously perfused (1 ml/min, 37°C) with NaCl medium (A), or with 
medium in which basolateral Na+ was iso-osmotically replaced by N-methyl-D-glucamine in the presence (B) or absence (C) of basolateral 
Ca2+, or with basolateral medium containing 10 |iM forskolin (D) for the indicated period of time. Basolateral samples were collected at 1 mln 
intervals to count radioactivity. 45Ca2+ flux was expressed as nmol.hr1.cnrr*. The recordings shown are from a representative experiment.
medium was removed and replaced by 105 jul of NaCl 
buffer containing 5 fiCi/ml 45CaCl2. A 5 fil sample was 
taken from the apical medium and counted for total 
radioactivity. Subsequently, basolateral perfusion medium 
was collected in samples of 1 min and counted for radio­
activity. Data of apical-to-basolateral 45Ca2+ flux experi­
ments were converted from cpm/sample to nmoLh^.cnr2. 
Basolateral-to~apical 4sCa2+ flux was negligibly small, as 
shown previously [5].
Statistical analysis
In all experiments, data were obtained from at least three 
different isolations of cortical collecting system cells and 
are given as means ±  SE for the num ber of filters (apical- 
to-basolateral 45Ca2+ flux) or the number of single cells 
([Ca2+]j and Mn2+ quenching experiments) measured. 
Statistical differences between the mean values were 
determined by analysis of variance (ANOVA) and, in the
Cell Calcium (1997) 22(3), 157-166
case of significance, individual groups were compared by 
contrast analysis according to Scheffe. Results were 
considered significant when P <  0.05.
RESULTS
In the present study, apical-to-basolateral 45Ca2+ flux, 
apical Ca2+ influx and  [Ca2*^  were measured in rabbit 
cortical collecting system cells cultured to confluency on 
permeable filters. The following conditions, which have 
previously been shown to affect transepithelial Ca2+ 
transport in this cell model during a static incubation of 
90 min [6- 8], were applied, namely: the apical com­
partment was acidified to pH 5.9, the operation of the 
basolateral Na+/Ca2+ exchanger was reversed by removal 
of Na+ from the basolateral compartment and adenylyl 
cyclase was directly activated by forskolin. In contrast to 
previous studies, the present measurements were
© Pearson Professional Ltd 1997
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Fig. 3 Apical Ca2+ influx of rabbit cortical collecting system cells grown to confluency on transparent permeable supports. Monolayers, loaded 
with the fluorescent Ca2+ indicator Fura-2, were superfused apically and basolaterally and fluorescence measurements were performed at 37°C, 
as described In the caption to Figure 2. Ca2+ influx was measured with the Mn2+ quenching technique and expressed in arbitrary fluorescence 
units (AU), as explained in Materials and methods. The monolayers were perfused with apical medium acidified to a pH of 5.9 (A, closed symbols), 
or with medium in which basolateral Na+ was iso-osmotically replaced by N-methyl-D-glucamine in the presence (B, closed symbols) or absence 
(C, closed symbols) of basolateral Ca2+, or with basolateral medium containing 10 nM forskoiin (D, closed symbols) or with control medium (A-D, 
open symbols). At the indicated time 0.1 (A~C) or 0.05 (D) mM Mn2+ was added to the apical compartment. The recordings shown are from 
single cells in representative experiments.
performed within 5-15 min after initiating the change in 
Ca2+ transport rate.
Regulation of apical-to-basolateral 45Ca2+ flux
Pilters on which rabbit cortical collecting system cells 
were grown to confluency were placed in  a thermostated 
perfusion chamber and superfused basolaterally at a flow 
rate of 1 ml/min. Apical-to-basolateral 45Ca2+ flux was 
determined by basolateral sampling at 1 min intervals. In 
the absence of any added drug, the monolayers exhibited 
an apical-to-basolateral 45Ca2+ flux of 116 ± 20 
nmol.h"1 .cm-2 (n — 16). A decrease of the  apical pH from
7.4 to 5.9 rapidly reduced this flux by 53 ± 1% (P<  0.05, 
n —3 filters), as shown in Figure 2A. Similarly, reversal of 
the operation of the Na+/Ca2+ exchanger by iso-osmotic 
replacement of Na+ with N-methyl-D-glucamine (NMDG) 
in the basolateral medium resulted in  a rapid and
reversible decrease of the 45Ca2+ flux by 50 ± 5% (P < 
0.05, n — 3 filters) (Fig. 2B). A similar inhibition by 53 ± 
6% (P <  0.05, n  =  3 filters) was observed when this 
manoeuvre was carried out in  the absence of Ca2+ in the 
basolateral compartment (Fig. 2 C), Activation of adenylyl 
cyclase by forskoiin (10 pM) increased the 45Ca2+ flux by 
108 ± 40% (P < 0.05, n  =  3 filters), as shown in a 
representative tracing in Figure 2D. These results are in 
full agreement w ith previously obtained data based on 
transcellular Ca2+ transport in this cell sys tem  when 
transport was assessed over a period of 90 min in a static 
incubation [6- 8].
Regulation of apical Ca2* influx
Apical Ca2+ influx was measured with the Mn2+ quenching 
technique using monolayers on transparent filters and 
expressed in AU/min, as explained in "Materials and
© Pearson Professional Ltd 1997 Cel! Calcium (1997) 22(3), 157-166
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Fig. 4 [Caa*]j in rabbit cortical collecting system cells grown to confluency on transparent permeable supports. Monolayers, loaded with the 
fluorescent Ca2+ indicator Fura-2, were superfused apically and basolaterally with normal NaCI medium and fluorescence measurements 
were performed at 37°C, as described In the caption to Figure 2. The Fura-2 fluorescence emission ratios (340/380) were converted to absolute 
[Ca2+], values, as explained In Materials and methods. For the indicated period of time, the monolayers were perfused with apical medium 
acidified to a pH of 5.9 (A), or with medium in which basolateral Na+ was iso-osmotically replaced by N-methyl-D-glucamine in the presence 
(B) or absence (C) of basolateral Ca2+, or with basolateral medium containing 10 jxM forskolin (D). The recordings shown are from single 
cells in representative experiments.
methods'. The experimental conditions used were similar 
to those in the apical-to-basolateral 45Ca2+ flux 
measurements. Apical acidification from 7.4 to 5.9 
reduced the quenching rate, evoked by apical addition of 
0.1 mM Mn2+, from 0.149 ± 0.011 AU/min to 0.091 ± 
0.006 AU/min, which represents an inhibition of apical 
Ca2+ influx by 39 ± 7% (P < 0.05, n = 79), as depicted in 
Figure 3A. Replacing Na+ with NMDG in the basolateral 
compartment resulted in a reduction of the quenching 
rate from 0.142 ± 0.006 AU/min to 0.065 ± 0.002 AU/min 
(Fig. 333). The percentage inhibition of apical Ca2+ influx 
was calculated to be 46 ± 3% (P< 0.05, n — 73). Removal 
of Na+ in the absence of basolateral Ca2+ decreased the 
quenching rate from 0.142 ± 0.006 AU/min to 0.064 ± 
0.002 AU/min, which reflects an inhibition by 55 ± 4% 
( K 0.05, n  = 71) (Fig. 3C). The role of cAMP in the 
regulation of apical Ca2+ influx was investigated by 
addition of forskolin (10 jjM) to activate adenylyl cyclase. 
In the presence of 0.05 mM Mn2+ instead of 0.1 mM, this
condition increased the quenching rate from 0.051 ±
0.004 AU/min to 0.112 ± 0.010 AU/min, equivalent to a 
stimulation of apical Ca2+ entry by 120 ± 17% (P< 0.05, n  
= 68) (Fig. 3D).
Regulation of [Ca2+],
The Fura-2 fluorescence 340/380 nm ratio values 
obtained from single cells cultured on transparent filters 
were converted to [Ca2+]i values for comparison as 
percentage of control, as described in Materials and 
methods. Lowering apical pH from 74 to 5.9 gradually 
decreased [Ca2+]j from 122 ± 12 to 100 ± 11 nM, which 
corresponds to a decrease by 18 ± 3% (P < 0.05, n  = 63), 
as shown in Figure 4A. Inhibition of Ca2+ efflux via the 
Na+/Ca2+ exchanger by iso-osmotic replacement of Na+ 
by NMDG in the basolateral medium resulted in an 
immediate increase of [Ca2+]. by 60 ± 3% (P < 0.05, n =  
42) from 96 ± 7 nM to 154 13 nM (Fig. 4B). In contrast,
Cell Calcium (1997) 22(3), 157-166 © Pearson Professional Ltd 1997
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Apical Ca2+ influx (%)
Fig. 5 Relationship between apicai-to-basolateral 45Ca2+ flux and 
apical Ca2+ influx in rabbit cortical collecting system cells grown to 
confluency on permeable supports. The following experimental con­
ditions were applied: acidification of the apical medium to a pH of 
5.9 (diamond), iso-osmotic replacement of basolateral Na+ by N- 
methyl-D-glucamine in the presence (open squares) and absence 
(closed squares) of basolateral Ca2+, basolateral incubation with 10 
[xM forskoün (closed circles) or incubation with control medium (open 
circles). Data are percentages (%) of control and shown as mean ± 
SEM. The dotted line represents the line of identity.
simultaneous removal of basolateral Na+ and Ca2+ 
decreased [C&2+\  from 100 + 7 nM to 79 ± 7 nM (Fig. 4C), 
which is a reduction by 21 ± 8% (P < 0.05, n  =  71). Of 
note, removal of Ca2+ from the basolateral medium by 
itself caused a decrease in [Ca2+]. [8]. The effect of cAMP 
on [Ca2+]j was investigated by stimulation of adenylyl 
cyclase w ith forskolin (10 |iM). Forskolin rapidly 
increased [Ca2^ . by 110 ± 2% (P< 0.05, n  =  55) from 134 
± 16 nM to 281 ± 20 nM (Fig. 4D).
Relationship between apical-to-basolateral 45Ca2+ flux 
and apical Ca2+ influx
The relationship between transcellular Ca2+ transport 
and apical Ca2+ influx is depicted in Figure 5. From this 
figure, a linear correlation between the rate of apical Ca2* 
influx and the rate of apical-to-basolateral 45Ca2'f flux is 
apparent. Addition of forskolin increased apical Ca2+ influx 
as well as apical-to-basolateral 45Ca2+ flux rate, whereas 
acidification of the apical compartment or reversal of the 
operation of the Na+/Ca2+ exchanger inhibited both 
processes.
DISCUSSION
The major finding of the present study is tha t over a wide 
range of transepithelial Ca2+ transport rates, the Ca2+ 
influx rate at the apical membrane is correlated in a 1:1
fashion with the apical-to-basolateral 45Ca2+ flux, as 
depicted in Figure 5. The mechanism underlying this 
tight coupling could, in principle, be located at three 
distinct Ca2+ transport pathways, namely influx, cytosolic 
diffusion or efflux [3]. These possibilities are discussed 
below in detail.
Firstly, Ca2+ influx across the apical membrane could be 
the rate-limiting step for transcellular Ca2+ transport. This 
implies that the availability of cytosolic Ca2+ for the 
basolateral Ca2+ efflux pumps controls the rate of Ca2+ 
efflux. This is in line with our present finding that apical 
H+ directly inhibits the Ca2+ influx pathway and 
consequently decreases [Ca2+]i which in tu rn  limits the 
Caz+ extrusion* Likewise, cAMP might stimulate either 
directly or indirectly Ca2+ entry and increase [Ca2+]i which 
cumulates in enhanced transcellular Ca2+ transport. The 
proposed mechanism would be highly efficient, since the 
regulation of a single Ca2+ influx mechanism by multiple 
hormones would ideally control the availability of Ca2+ to 
multiple Ca2+ efflux systems through [Ca2+], and thus the 
rate of transcellular Ca2+ transport.
Secondly, Ca2+ extrusion across the  basolateral 
membrane could be rate-limiting in transcellular 
transport of Ca2+. Active transcellular Ca2+ transport in 
the connecting and cortical collecting tubule depends on 
the dual operation of a high-affinity Ca2+-ATPase and a 
Na+/Ca2+ exchanger [6,15,16]. The exchanger is capable 
of operating in a Ca2+ efflux (forward) and influx 
(reversed) m ode [17]. If the rate of these basolateral Ca2+ 
pumps is regulated by endogenous modulators such as 
PTH, vasopressin and l,25[OH]2D3, then m aintenance of 
a tight coupling between apical influx and  basolateral 
efflux would require a cellular feedback signal to control 
Ca2+ influx at the apical membrane. [Ca2+]j could serve as 
this signal, analogous to its role in the regulation of 
solute transport in various epithelia [18,19]. For instance, 
in intestine and MDCK-F cells, [Ca2+]j has been 
implicated in the regulation of Ca2+ entry [2,20]. In the 
present study, reduction of the  basolateral efflux capacity 
evoked by reversal of the operation of the Na+/Ca2+ 
exchanger was paralleled by a marked increase in [Ca2+].. 
At first sight, this observation is in agreem ent w ith the 
idea that an overall increase in [Ca2'^  is responsible for 
the inhibition of the apical Ca2+ influx. The finding, 
however, tha t such an overall increase in [Ca2+]j did not 
occur when both Na+ and Ca2+ were omitted from the 
basolateral compartment, leaving unim paired the 
inhibitory effect on apical Ca2+ entry and transcellular 
Ca2+ transport, does not favour this explanation. In this 
respect, it is of interest that Palmer and Frindt suggested 
tha t the inhibitory effect of increased [Ca2+]i on Na+ re­
absorption in the cortical collecting duct was indirect 
and dependent on some additional effector [21]. It has 
been dem onstrated that Ca2+ exerts its regulatory role in
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several cellular actions by acting as a spatially restricted 
signal [19,22], It is thus possible that reduction in Ca2+ 
efflux leads to a local increase in Ca2+ levels in close 
vicinity of the influx mechanism which directly influences 
Ca2+ entry and which is not detectable with the equipment 
used in the present study Interesting, in this respect, is our 
observation that omission of basolateral Na+ and Ca2+ 
inhibits apical-to-basolateral transport of 45Ca2+ to the 
same extent as in the presence of basolateral Ca2+. This 
demonstrates that Ca2+ ions entering the cell via the 
basolateral membrane through the reversed operation of 
the Na+/Ca2+ exchanger are unable to compete with the 
cytosolic apical-to-basolateral 45Ca2+ flux. It might further 
imply that cytosolic Ca2+ signals are spatially restricted 
allowing distinct regulation of transport processes and 
cellular responses. Knowledge of the local nature of these 
events is, therefore, of importance and is now becoming 
feasible through the use of high spatial resolution 
confocal laser scanning microscopy [19].
Thirdly, cytosolic calbindin-D2gk levels could also 
control the rate of transcellular Ca2+ transport [2], In a 
previous study, we have implicated calbindin-D28k in the 
long-term control of Ca2+ reabsorption by l,25[OH]2D3
[23], It is conceivable that the level of calbindin-D28k 
determines the maximal achievable rate of transcellular 
Ca2+ transport, but it is rather unlikely that in short-term 
regulation, as investigated in the present study, calbindin- 
Djak represents the rate-limiting step.
The second messenger cAMP has been frequently 
implicated as the mediator of hormone-stimulated Ca2+ 
reabsorption in the distal tubule [5,24,25]. As demon­
strated in the present study, activation of adenylyl 
cyclase by forskolin indeed rapidly enhanced apical Ca2+ 
influx, increased [Ca2+], and stimulated apical-to- 
basolateral 45Ca2+ flux. Our results can be explained in 
that cAMP-mediated phosphorylation directly stimulates 
the apical Caz+ influx pathway by, for instance, reducing 
its Ca2+-sensitivity. This would allow larger quantities of 
Ca2* to enter the cell and to be transported to the 
basolateral membrane. As a result of this increased Ca2+ 
entry, the overall [Ca2+], dramatically increases without 
being able, however, to inhibit the Ca2* influx 
mechanism. This explanation is in line with previously 
reported data of a stimulatory effect of cAMP on apical 
Ca2+ channels in distal tubular cells [26—28], It is also 
possible that cAMP stimulates basolateral Ca2* efflux 
mechanisms, which then  leads to a decrease in  [Ca2+]i 
and thus to an increased apical Ca2+ influx. However, our 
finding that forskolin generated a dramatic overall 
increase in [Ca24-]. does not favour this last explanation. 
Alternatively, cAMP, either directly or indirectly through 
protein kinase A, induces recruitm ent and insertion of 
Ca2+ channels, stored in  subapical secretory vesicles, into 
the apical membrane. This will increase the apical Ca2+
influx and, therefore, stimulate transcellular transport of 
Ca2+. A similar m echanism  has been postulated for the  
stimulatory effect of PTH on Ca2+ influx in the distal 
nephron and for the effect of vasopressin on epithelial 
Na+ channels [26,29,30].
Acidification of the apical compartment reduced apical 
Ca2+ influx to almost the same extent as apical-to- 
basolateral 45Ca2+ flux. This inhibition is probably 
mediated through a direct effect of external H+ on the 
apical Ca2+ influx pathway, which is supported by our 
previous findings tha t both apical and basolateral 
acidification lead to comparable decreases in intracellular 
pH, but only low apical pH inhibits transcellular Ca2+ 
transport [7]. In various cell types, including other 
epithelial tissues, a similar pH dependence of Ca2+ entry 
pathways has been described [31,32], In addition, 
extracellular H+ are know n to inhibit voltage-gated Ca2+ 
channels in excitable tissues by changing their 
conformation and modifying their gating properties [33],
The molecular nature  of the epithelial Ca2+ influx 
pathway involved in  Ca2+ reabsorption in the distal 
nephron has rem ained obscure so far. Several types of 
voltage-dependent Ca2+ channels have been described in  
renal distal tubular cells of different species. The 
stimulatory effect of forskolin on apical Ca2+ influx in th e  
present study is in agreem ent with a report by Tan and  
Lau, describing a 25 pS, cAMP-sensitive apical Ca2+ 
channel in rabbit kidney CNT cells, that is inhibited by  
dihydropyridine agonists and depolarization [28]. 
However, we could never demonstrate an inhibitory 
action of dihydropyridines or other L-type voltage- 
dependent Ca2+ channel blockers on transcellular Ca2+ 
transport [7]. A stretch-activated non-selective cation 
channel in the apical membrane of rabbit CNT was 
described by Taniguchi et al [34]. This channel was also 
permeable to Ca2+ and activated by PTH, but only under 
hydrostatic pressure. Yu et al used a homology-based 
PCR cloning strategy and  identified a 1 and (3 subunit 
transcripts of a P-type voltage dependent Ca2+ channel in  
the distal convoluted tubule of the rat [35]. Previously, 
we have shown that the P-type Ca2’1’ channel blocker co- 
agatoxin GIVA did not block Ca2+ reabsorption in  
primary cultures of rabbit cortical collecting system cells
[7]. Thus, the physiological significance of these channels 
with respect to Ca2+ reabsorption remains unclear. 
Alternatively, an apical Ca2+/H+ antiporter has been 
previously postulated as a Ca2+ influx system of the 
luminal membrane of the  rabbit connecting tubule [36]. 
The present finding th a t [Ca2+]. decreases slightly upon 
apical acidification w ould be in line with the operation of 
such an apical antiporter. In a foregoing study, we have, 
however, shown that Ca2+ re-absorption is not affected by  
manipulation of the pH gradient across the apical 
membrane [7]. It is, therefore, not likely that a Ca2+/H +
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antiporter mediates apical Ca2+ influx in Ca2+ re­
absorption. Taken together, the precise mechanism res­
ponsible for the Ca2+ influx remains unidentified and 
awaits fu ture investigations.
The M n2+ influx will in principle be mediated by all 
Ca2+ influx pathways present in the apical membrane of 
the cultured cells. Thus, Mn2+ influx could reflect in 
addition to Ca2+ influx via the transcellular Ca2+ transport 
pathway, other Ca2+ influx routes. However, our finding 
that th e  Mn2+ influx rate at the apical membrane 
correlates in a 1:1 fashion with the apical-basolateral 
45Ca2++ flux strongly suggests that the  Mn2+ quenching 
technique indeed reflects a Ca2+ influx of which all Ca2+ 
is extruded at the basolateral pole of the  cell.
In summary, the Mn2+-induced quenching technique 
has been  applied for the first time for a systematic 
quantification of the Ca2+ influx pathway responsible for 
Ca2+ reabsorption in distal tubular cells. In doing so, the 
existence of a linear correlation between apical Ca2+ 
influx and  transepithelial Ca2+ transport could be 
dem onstrated in the rabbit cortical collecting system 
cells in primary culture. This strongly suggests that Ca2+ 
entry a t the  apical membrane and Ca2+ extrusion at the 
basolateral membrane are closely matched. The m echan­
ism of such communication between two opposing 
transport sites is presently unknown, bu t could involve 
local changes in [Ca2+]i in close vicinity of the Ca2+ entry 
step.
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